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ABSTRACTmThe reaction between graphite fluoride and ferric chloride was observed in the

temperature range of 300 to 400 °C. The graphite fluorides used for this reaction have an sp3 elec-

tronic s_ucture and are electrical insulators. They can be made by fluorinating either carbon fibers or

powder having various degrees of graphitization. Reaction is fast and spontaneous and can occur in

the presence of air. The ferric chloride does not have to be predried. The products have an sp 2 elec-

tronic structure and are electrical conductors. They contain fast stage FeC½ intercalated graphite.

Some of the products contain FeC1 z. 2I-I20, others contain FeF3, in concentrations that depend on the

intercalation condition. The graphite intercalated compounds (GIC) deintercalated slowly in air at

room temperature, but deintercalated quickly and completely at 370 °C. Deintercalation is accompa-

riled by the disappearing of iron halides and the formation of rust (hematite) distributed unevenly on

the fiber surface. When heated to 400 °C in pure N 2 (99.99 vol %), this new GIC deintercalates

without losing its molecular structure. However, when the compounds are heated to 800 °C in quartz

tube, they lost most of its halogen atoms and formed iron oxides (other than hematite), distributed

evenly in or on the fiber. This iron-oxide-covered fiber may be useful in making carbon-fiber/

ceramic-matrix composites with strong bonding at the fiber-ceramic interface.

KEY WORDS: Intercalation, ferric chloride, graphite fluoride defluorination, nongraphitized carbon

intercalation, iron halide-carbon composite, iron oxide-carbon composite

1. INTRODUCTION

Graphite fluoride (CFx) was previously considered to be stable at 400 °C [1]. However, recent

studies indicate that CF fibers lose fluorine when heated to 300 *C or higher [2]. This phenomenon

suggests that the carbon-fluorine bonds in CF x may not be as strong as previously thought. Thus, CF



fibersmaybeachemicallyreactive,especiallyat 300°Corhigher.Forexample,canthefluorinein

CFxbereplacedby someotherchemicalswhenheatedto 300to400*C? Cancrosslinkingoccur

betweenadjacentcarbonlayersasfluorineisdrivenoutof thefibers?Theanswersto thesequestions

mayleadto thedevelopmentof newmaterialsandnewprocesses.Extensivestudieshaveattempted

toanswerthesequestions[3]. In thisreport,reactionsof CF withknowngraphiteintercalateswere

investigated.In particular,theprocessesandtheproductsof thereactionsbetweenCF andferric

chloride(FeC13)aredescribedindetail.

2.EXPERIMENTS

FeC13waschosenasaconstituentin thisstudybecauseit is themoststudiedandbestunderstood

of thegraphiteintercalates.This facilitatesthecomparisonbetweenintercalatedgraphiteandinterca-

latedCF. In addition,theintercalationof FeC½intographiteis knowntooccurin therangeof 300to

350°C, whichis alsothetemperaturerangewhereCFxbeginsto defluorinateandbecomesstructur-

allydamagedgraphite.

Samplesof CF0._sfibersweremadebyexposingintercalatedP-100*fibers(previouslyinterca-

latedwith Br2and12)to cyclesof F2andN2at 350to 370*C.TheFeC13waspurchasedcommercially,

andnoattemptwasmadetoremovethemoisturefromit byheating.FeC13andaCF0._ fiber sample

wereplacedtogetherin aweighingbottlethatwasabout2.5cmin diameterby 5cmhigh.

Two coveredweighingbottlescontainingFeC13,CF06sfibers,andsomeairwereheatedat

300°Cfor 5 hrandat330to 420°Cfor 27hr,respectively,for theintercalationreactionto proceed.

Forcomparison,acoveredweighingbottlecontainingFeC13,pristineP-100fibers,andsomeairwas

heatedat 310°Cfor 4.5hr.

An additionalexperimenttestedthreedifferentkindsof graphitefluoridesunderreactionwith

FeC1r Theyincludedtwographitefluoridesmadefrompitch-basedcarbonfibers,P-55andP-25,and

acommerciallyavailablegraphitefluoridepowder.TheircompositionswereCF_0,CF0.9,andCF0.9,

respectively.Theywereintercalatedbyexposureto distilledFeC13 in a pyrex glass tube using the

experimental apparatus shown in Fig. 1.
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The products were then heated at higher temperatures to evaporate FeCI3 from the fiber surfaces.

Pure N 2 (99.99 vol %) was flowed slowly through the glass or quartz tubes during evaporation.

Figure 2 illustrates the process sequence for each source of CF x. Process steps intended to induce

intercalation resulted in reaction products A- 1 to F- 1. Various heat treatments were then used to test

the stability of these compounds, resulting in reaction products B-3 and A-2 to E-2.

Before reaction, the interplanar spacing for pristine P-100, P-55, and P-25 was 3.37, 3.42, and

3.45/_,, respectively. Intermediate and final products were examined by x-ray diffraction, energy-

dispersive analysis with x-rays (EDS), and weighing.

3. RESULTS AND DISCUSSION

3.1. Intercalated Products

Chemical reactions, including intercalation, appear to occur between CF and FeC½. These

reactions are fast and spontaneous. Table 1 summarizes the data obtained from the FeCl3-intercalated

graphite fluorides. The empirical formulas of these compounds were obtained with the mass increase

data and the EDS data, with pure Fe203 as the standard for the Fe/O peak ratio, pure FeC13 as the

standard for the Fe/C1 peak ratio, and pure FeF 3 as the standard for the Fe/F peak ratio.

Figure 3(a) shows the x-ray diffraction data for the FeCI3-CF x reaction product, where the

graphite fluoride originated from commercially available CF09 powder. This is reaction product F-1

in Fig. 2. Figure 3(b) shows the x-ray diffraction data from reaction product E-I. This product

originates from the CF0.9 made from P-25 fibers. The data indicate that E- 1 contains FeF 3 [4] and F-1

contains FeCL2-2H20 [5]. The samples also contain a well-known, first stage FeC½-GIC (graphite-

intercalated compound) whose identity period is 9.3/_ [6].

These results demonsu'ate three phenomena. First, P-25, a carbon material which has never been

successfully intercalated before because of its low degree of graphitization, can be intercalated with

FeCI 3 if it is properly pretreated with F2. Second, the sp 3 electronic structure of carbon atoms in CF x

can be easily converted to an sp z structure. This structural change is accompanied by a decrease of



electricalresistivityfrom about10_2to lessthan10"3f_-crn,adropof morethan15ordersof magni-

tude.Third,FeF3andFeC12-2H20werefoundeitherinor onreactionproductsE-1andF-1 respec-

tively. The EDS analyses presented in Fig. 4 indicate that the sample made from fluorinated P-25

fibers (E-l, Fig. 4(b)) contained a lower fluorine concentration than the sample made from commer-

dally purchased powder (F-1, Fig. 4(a)).

Contrary to previous experiments [7], no reaction occurred between the P-100 fibers and FeC½

because air was present in the weighing bottle and the FeC½ was wet from a long storage time.

However, in the presence of air the same wet FeC13 did react and intercalate with CF0._ made from

P-100 fibers. This indicates again that intercalation of FeC½ with CF xis more spontaneous than the

intercalation with graphite that has not been pretreated with fluorine.

The concentrations of iron relative to carbon and the halogens for the compound made from

P-55 (reaction product D-l) are much higher than that of previously known f'Lrst-stage FeC13 GIC [6].

The magnetic properties of this intercalated compound are not known at this time. However, a regular

magnet did not atwact the fiber products described in Table 1.

3.2 Deintercalation

No visible change could be observed when the FeC½-intercalated fibers (C-l) were exposed to

ambient air for less than 1 month. However, the sample began to turn to dark yellow after 1 month of

ambient air exposure. Figure 5 shows a scanning electron micrograph taken after 1 year of ambient air

exposure. The white areas on the fibers in this micrograph represent the yellow material observed in

the laboratory. This material is thought to be the chemical deintercalated from the fibers. EDS data

indicate that the material contains mostly iron, chlorine, and oxygen, with an iron-to-chlorine atomic

ratio of about 2:1. The EDS data taken from the "clean" part of the fibers indicate that the carbon

fibers also contain iron, chlorine, and oxygen, with an empirical formula of about CFeC10.75 O0.1s. The

low chlorine and oxygen concentrations relative to iron suggest the possibility that some iron atoms

may be chemically bonded to carbon atoms.

The C-1 intercalated fibers changed si_cantly when heated in air at 370 °C for 16 hr. The x-ray

diffraction data in Fig. 6 indicate the presence of hematite (Fe203), in the form of rust powder [8]. A
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small,cleanpartof this fiber samplewasexaminedbyEDS,buttheEDSdatashownothingbuta

carbonpeak.Theseresultssuggestthatthefiberswerecompletelydeintercalatedin the370*Cair

environment,with theformationof hematiteunevenlydistributedonthefibersurface.

TheB-1 intercalatedfibers(alsomade from P-100) were heated in pure N 2 (99.99 vol %) at

400 °C for 16 hr. This treatment drove out a significant fraction of halogen from the fibers. The EDS

data indicate that after heating some oxygen was present in the fibers; however, no clear iron oxide

peaks are present in the x-ray diffraction data. On the other hand, the intercalation peaks are still

present, although they have a lower magnitude.

Heating these intercalated fiber compounds in N 2 (99.99 vol %) at 420 °C for 70 hr, and then at

800 °C for 30 min (B-3) in quartz tube drove most of the halogen out of the fibers. For many selected

clean fiber areas, EDS data show large iron peaks and small peaks of chlorine, fluorine, oxygen, and

carbon

(Fig. 7). Again, comparing to the Fe/O and Fe/C1 peak ratios from the EDS data obtained from Fe203

and FeC½, respectively, Figure 7 indicates that the amount of iron is so large that some of the iron

atoms may be bonded to the carbon. The x-ray diffraction data show large peaks of graphite, small

peaks of first stage FeC½ intercalated graphite, wuestite (FeO)[9], and another iron oxide which is

either magnetite (Fe304)[10] or maghemite-Q (Fe203)[11], but no peaks for iron halides and iron

metal. The source of oxygen for the iron oxides is believed to be the moisture picked up by the FeC½

which was intercalated in the fibers. These results suggest that after 800 °C nitrogen treatment, the

fibers lost most halogen atoms, but kept some fast stage FeC13 intercalated graphite, and a significant

amount of iron, some of which in the form of iron oxide. According to the measurement made by the

EDS instrument, the iron oxide was evenly distributed either in or on the entire fiber.

The fibers containing iron oxide may be useful for making carbon-fiber/ceramic-matrix compos-

ite materials. This, however, is beyond the scope of this project.

Figure 8 contains x-ray diffraction data illustrating the change in molecular structure of the P-55

fibers through the entire process of fluorination, intercalation (D-1), and 800 °C heating (D-2).

Part (a) shows x-ray diffraction data from the P-55 fiber starting material. Diffraction measurements



(onthefiberproducts)wererepeatedafterfluorination(part(b),graphitefluoride),afterintercalation

(part(c),iron halide-FeC13GICcomposite),andfinally,afterdeintercalation(part(d),ironoxide-

carboncomposite).

4.CONCLUSIONS

Ferricchlorideintercalatesgraphitefluorideeasily,resultingin aproductcontainingironhalide

crystalsandfirst stageFeCI3intercalatedGIC. ThisprocessenablesintercalationwithFeC13to take

placewith carbonmaterialsthat haveaverylow degreeof graphitization.Dependingontheinterca-

lationcondition,thecompoundsmaycontainlargequantitiesof iron,largequantitiesof fluorine,ora

smallquantityof fluorine.

The graphite-intercalated compound (GIC) deintercalated slowly during 1 year of exposure to

ambient air. When heated in air to 370 °C, however, this GIC deintercalated completely in 16 hr, and

formed hematite (Fe203) on the fiber surface.

When heated in pure N 2 (99.99 vol %) to 400 °C for 16 hr, this GIC deintercalated without losing

its molecular structure. When heated to 800 °C for 30 min in quartz tube, however, it lost most of its

halogen atoms and formed iron oxides (other than hematite) that were detected by energy-dispersive

analysis taken from randomly chosen areas. Some iron-carbon chemical bonds may also be formed

during this heating process. The iron oxides present on the deintercalated fibers may form strong

bonds to both carbon fibers and a ceramic matrix. If so, they will provide superior properties when

used in carbon-fiber/ceramic-matrix composites.

5. ACKNOWLEDGMENTS

The author greatly appreciates the efforts of Ralph G. Garlick and Ruth E. Cipcic in collecting

the x-ray diffraction data of all samples described in this report, and Dr. Timothy J. Juhlke of Exfluor

Research Corporation for his help in fabricating graphite fluoride fibers.



6.REFERENCES

1. W. Rtidorff,In Advances in Inorganic Chemistry andRadiochemistry, Vol. 1, p. 223 (1959).

2. C. Hung and D. Kucera, Extended Abstracts, 20th Biennial Conference on Carbon, Santa

Barbara, CA (1991) p. 674.

3. C. Hung, Formation and Chemical Reactivity of Carbon Fibers Prepared by Defluorination of

Graphite Fluoride, NASA TM-106398 (1994).

4. Powder Diffraction File - Inorganic Phases, Vol. 33, Card 647, International Centre for

Diffraction Data (1991).

5. Powder Diffraction File - Inorganic Phases, Vol. 25, Card 1040, International Centre for

Diffraction Data (1991).

6. E. Smmpp, Materials Sci andEng, 31, 53 (1977).

7. D. Jaworske, Dynamics of Graphite Fiber Intercalation: In Situ Resistivity Measurements with a

Four Point Probe,NASA TM-86858 (1984).

8. Powder Diffraction File - Inorganic Phases, Vol. 33, Card 664, International Centre for

Diffraction Data (1991).

9. Powder Diffraction File - Inorganic Phases, Vol. 6, Card 615, International Centre for

Diffraction Data (1991).

10. Powder Diffraction File - Inorganic Phases, Vol. 19, Card 629, Intemational Centre for

Diffraction Data (1991).

11. Powder Diffraction File - Inorganic Phases, Vol. 25, Card 1402, International Centre for

Diffraction Data (1991).



Table I.- Intercalatedproducts from reactionsin Fig.2

Label Original Empirical
carbon formula

Visiblex-raydiffractionpeak

Largeiron Known FeCIsGIC Graphitepeaks

halidepeaks/_ Io= 9.3:_

A-1 P-100 C Non_ No Large

B-I CF_ from P-100 C+.+FeCIz+F* FeF_ Yes Small

c-n cF_.fromP-10o Jr Fe_.2H_O Yes Large

D-I CF_.ofromP-55 cz.r.cF,_CIu._O,*FeF_,FeCIz.2H,O Yes None

E-I CFo.) from P-25 C_FcF C13.,0 * F_Cl7.2H_O Yes Large

F-1 CF_powde_ C_jFeF_CI0. ) FeF, Yes None

*Unceratintyinfluorineand/oroxygencontentsisduetosmallEDS peakheights.

)Weights 132% ofthegraphitefluoridereactant(CFo..)weight.

IIIIIIIIIIIIII  III IIIPIIIIIIIIII
CF1.0 made from P-55 '-1 FeCI3-m Glass tube

d r

/ / / / / / . . / /2-

N2out _/__/i // // //[//: // // //_//+//_//_//_//. "/+_/_,./J

CF0.9 made from P-25 -_ _-- Commercial CF0.9 powder

III))lllll)lllJu,  uUc llllllilllllllIIIII)1111111111111
Figure 1 .--Experimental apparatus for CFx-FeCI 3 intercalation.

N2 in.



P100 ='-

With FeCI 3 at 310 °C

for 4.5 hr

Intercalated P-100 _CF0.68

(CBr0.01510.0073)

F2 and N 2

cycles at

350 °C

P-55 =y_ CFI.0

In F 2 at 450 °C

for 21 hr

P-25 _ CFo. 9

In F2 at 350 °C

A-R .v A-2

In 300 °C ambient air

='- B1 "_ B2

With FeCI 3 at In N2 at 400 °C

300 oC for 5 hr for 16 hr

C-1

With FeCI 3 at 330 °C

for 20.5 hr, then at

420 °C for 6.5 hr

With FeCI 3 at

310 °C for 9 hr,

then in N2 at

330 °C for 6.5 hr

B-3

In N 2 at 400 °C for

16 hr, 420 °C for

70 hr, and 800 °C

for 0.5 hr

_-_ C-2

In air at 370 °C

for16 hr

v

With FeCI 3 at 310 °C

.-_ D-1

E-1

v D-2

In N2 at 420 °C

for 70 hr, then

at 800 °C for

0.5 hr

v E-2

in N2 at 420 °C

for 21 hr

Commercial CFo. 9

for 9 hr, then in N2 at

330 °C for 6.5 hr

for 70 hr, then at
800 °(3 for 0,5 hr

_._ F-1

With FeCI 3 at 310 °C for 9 hr,

then in N 2 at 330 °C for 6.5 hr

Figure 2._Experiments conducted in this study.
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Interatomic Relative Compound

spacing intensity

A 9.30 26 FeCI3-GIC (1st stage)

B 5.51 100 FeCI2-2H20

C 4.66 26 FeCI3-GIC (1st stage)

100 -- B ,P.raphite D 4.26 62 FeCI2.2H20
E 3.11 41 FeCl3-GIC (1st stage)

F 2.81 29 FeCI2.2H20

G 2.75 31 FeCI2.2H20

H 2.39 25 FeCl2-2H20
80 -- C I 2.32 21 FeCl2-2H20

E j 2.13 29 FeCl2-2H20

K 2.08 29 FeCl2.2H20

F

' H J K

20--

0

10 20 30 40 50 60

Angle between diffracted and transmitted beam, 20, deg

Figure 3._X-ray diffraction data for FeCI3-graphite fluonde reaction products. (a) Reaction product F-1

made from commercially available CF0. 9 powder. (b) Reaction product E-1 made from fluorinated P-25

fibers (CF0.9).
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Figure 4.--Energy-dispersive spectrum for FeCI3-graphite fluoride reaction products. (a) Reaction product F-1
made from commerc a y available CF0 9 powder. (b) Reaction product E-1 made from fluorinated P-25 fibers

(CFo.9).
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SO t.m

Figure 5.--Scanning electron micrograph of FeCI 3 graphite fluodde reaction product made

from fluorinated P-100 fibers (CF0.68). Data were taken after 1 year of ambient air

delntercalation (reaction product A-2).
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spacing,
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Figure 6.--X-ray diffraction data for FeCI3 graphite fluoride reaction product made from

fluorinated P-100 fibers (CF0.68). Data were taken after this product was treated with 370 °C
air exposure for 16 hr (reaction product C-1). Interplanar spacings indicate that all these
diffraction peaks are of hematite (Fe203).
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Figure 7.--Energy-dispersive spectrum for FeCI3-graphite fluoride reaction product made from

fluorinated P-100 fibers (CF0.68). Data were taken after this product was treated with N2 exposure
at 420 °C for 70 hr and at 800 °C in quartz tube for 30 min (reaction product B-3).

10

13



@

®
>m

O
n-

100
(a)

80_

6O_

40--

2O--

o ..... _ .... l ..... I I _ I
20 30 40 50 60

Angle between diffracted and transmitted beam, 20, deg

100

8O

6O

;>
=_ 4o

2O

Interatomic Relative Compound
spacing intensity

A 5.507 11 FeCI2.2H20
B 4.66 2 FeCl3-GIC (1st stage)

C 4.260 6 FeCl2.2H20

D 3.715 100 FeF3
E 3.163 4 FeCl2.2H20
F 2.870 4 FeCI2.2H20

G 2.748 5 FeCl2.2H20

H 2.668 10 FeF3
I 2.592 5 FeF3

J 2.237 10 FeF3
K 1o861 18 FeF3

L 1.685 14 FeF3

_'_) M 1.646 D 7 FeF3

I
10 2O 30 40 50 60

Angle between diffracted and transmitted beam, 20, deg

tO
C

_>

¢D
n-

100

8O

6O

4O

2O

m

0o)

I /-- Sample

II I I I I I
10 20 30 40 50 60

Angle between diffracted and transmitted beam, 249, deg

100 (1"_) A Fe203 or Fe304
I B F_

k_l/ D A I C First stage

80 c h. I  C,3-G,C

_ 48

20

0 I [ I I I
10 2O 3O 40 50 6O

Angle between diffracted and transmitted beam, 20, deg

Figure 8.--X-ray diffraction data for the carbon-based materials at different stages of the entire process. (a) P-55 before reaction. (b) After
450 °C fluorination in pure F2 (CFI.0). (c) After exposure to FeCI3 at 310 °C for 9 hr, then in N2 at 330 °C for 6.5 hr. (d) After heating in N2 at
420 °C for 70 hr, then at 800 °C in quartz tube for 0.5 hr.
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